Enrichment of the Superheavy Element Rg in Natural Au 
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Based on the observation of the long-lived isotopes 261 Rg and 265 Rg (Z = 111, t 1 / 2 > 10 8 y) in 
natural Au, an experiment was performed to enrich Rg in 99.999% Au. 16 mg of Au were heated 
in vacuum for two weeks at a temperature of 1127° C (63° C above the melting point of Au). The 
content of 197 Au and 261 Rg in the residue was studied with high resolution inductively coupled 
plasma-sector field mass spectrometry (ICP-SFMS). The residue of Au was 3xl0 -6 of its original 
quantity. The recovery of Rg was a few percent. The abundance of Rg compared to Au in the 
enriched solution was about 2xl0 -6 , which is a three to four orders of magnitude enrichment. It is 
concluded that the evaporation rate of Rg from an Au matrix in vacuum at 63° C above the Au 
melting point is lower than that of Au. This experiment reinforces our first observation of Rg in a 
terrestrial material. As before it is concluded that a long-lived isomeric state exists in 261 Rg and 
that it probably belongs to a new class of isomeric states, namely high spin super- or hyperdeformed 
isomeric states. 

PACS numbers: 21.10.Dr, 21.10.Tg, 27.90.+b, 36.10.-k 



In recent years long-lived isomeric states have been re- 
orted in several isotopes found in natural material p]- 
They, for instance, were seen in the neutron defi- 
cient 211 Th, 213 Th, 217 Th and 218 Th isotopes, with es- 
timated half-lives of > 1x10 s y, which is 16 to 22 or- 
ders of magnitude longer than the known half-lives of 
their corresponding g.s. [H, 0. They were also observed 
in the superheavy element region 0, Isotopes with 
atomic mass numbers 261 and 265 have been reported 
in natural Au [2] and interpreted as long-lived isomeric 
states in 261 Rg and 265 Rg, since Rg (Z = 111) is a chem- 
ical homolog of Au [5[- In the super act inides, a nucleus 
with atomic mass number 292 has been found in puri- 
fied Th and interpreted as most probably a nucleus with 
atomic number 122, because element 122 is predicted to 
be eka-Th 0, Q. Since all these nuclei were observed 
in natural materials it was deduced that the lower limit 
on their half-lives should be about lxl 8 y, or otherwise 
they would have decayed away. The predicted half-lives 
for 261 Rg, 265 Rg and 292 122 in their normally deformed 
g.s. are in the region of 10 -6 to 10 -8 s [7]. Therefore it 
was concluded that, like in the neutron-deficient Th iso- 
topes, these nuclei are also in long-lived isomeric states. 
It was hypothesized that they may belong to a new class 
of high spin superdeformed (SD) or hyperdeformed (HD) 
isomeric states. Such isomeric states have been seen in 



coincidence with 7-rays of SD bands [8|, Q • 

In the experiments of @, Q it was assumed that the 
chemical procedures used by the purveyors of separated 
Au and Th were not so specific as to separate the heavy 
homologs Rg and eka-Th from Au and Th, respectively. 
The purpose of the present experiment was to try to con- 
centrate Rg in Au. If the evaporation rate of Rg is lower 
than that of Au from a melt, it may be possible to en- 
rich Rg in Au by keeping the Au in vacuum a little over 
its melting point. One may thus preferentially evaporate 
Au relative to Rg. (The melting point of Au is 1064° 
C and that of Ag, its lighter homolog, is 961° C. The 
corresponding boiling points, under normal pressure are 
2866° C and 2162° C, respectively.) 

As before [l|-l3| accurate mass measurements, using 
ICP-SFMS, have been employed on mass 261 to identify 
261 Rg. The mass of an atom is equal to: 



M A = ZM H + NM n - BE 



(1) 



195t 



Hg [8[, in 210 Frj9|, [l0| and in heavy actinide nuclei 
like 236 Am, 236 Bk [Tl|, 247 Es and 252 No 0. Their char- 
acter as high spin SD and HD isomeric states has been 
proven by observation of abnormal a-particle groups in 
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where Z and N are the number of protons and neutrons 
in the atomic nucleus, Mh and M n are the masses of the 
hydrogen atom and of the neutron, respectively, and BE 
is the binding energy of the atom. The binding energy per 
nucleon (BE/u) as a function of A for stable nuclei has a 
maximum at about A = 60 and then drops monotonically 
towards higher A [13]. Therefore, the mass of a heavy 
atom is higher than and separated from the mass of any 
molecule (except for multi-H, -Li, -Be and -B molecules) 
with the same mass number. 

This is seen in Fig. 1, where the systematic behav- 
ior of the masses [14[ of various M = 261 species, from 
the quasi-symmetric combination 133 Cs 128 Te to Au-, Bi-, 
Th- and U-based molecules to the predicted [l5l-[l7j mass 
of the 261 Rg nucleus is displayed. The mass of the very 



2 



u Cs""Te 



Au Zn 



232 Th 14 N 2 1 H 
238 U 23 Na 



mass number 261 
261 Rg(pred.) 



o o 

O CO 

00 00 

6 d 

CO CO 

CM CM 



o o o o 
co o> cm in 

00 00 O) CD 

dodo 

CO CO CO CO 
CM CM CM CM 



o 

00 
0) 

o 

CO 
CM 



o 

CM 
CM 



Mass (u) 



FIG. 1: Representation of the systematic behavior of the 
masses of various M = 261 species, ranging from the quasi- 
symmetric combination 133 Cs 128 Te to Au- Bi-, Th- and U- 
based molecules [3], to the predicted fl5l— TTt|] mass of 261 Rg. 



neutron-rich 261 Au nucleus is predicted to be 261.337 u 
[15j or 261.324 u [17j . values well above the expected mass 
of the 261 Rg nucleus, which is 261.154 u flB] H3 • (The 
calculations [l5l-[l7| of the 261 Rg mass agree to within 
0.002 u.) Thus, as was demonstrated before 0, accu- 
rate mass measurements are an effective tool for detecting 
naturally-occurring superheavy elements. 

In the present experiment, an Au solution enriched in 
Rg has been produced. Accurate mass measurements in 
the region of mass 261 were performed using ICP-SFMS 
with a resolution m/Am = 4000. A peak that fits with 
the predicted mass of 261 Rg and does not fit with any 
known molecule has been observed. The recovery of Rg 
was a few percent. An enrichment factor of three to four 
orders of magnitude has been obtained. It is deduced 
that under our experimental conditions the evaporation 
rate of Rg is lower than that of Au. 

16 mg of 99.999% Au metal, supplied by Leico Indus- 
tries, were held in a quartz tube in vacuum for two weeks 
at a temperature of 1127° C (63° C above the melting 
point of Au). The heating was stopped when the residue 
could no longer be seen with a magnifying glass. The 
minute residue was dissolved overnight in aqua regia at 
60° C. After evaporating almost to dryness, 3 M HNO3 
was added and diluted to obtain a final volume of 20 
ml at 0.7 M HNO3. This solution was studied with the 
ICP-SFMS. 

The accurate mass measurements were similar to those 
described before [IH3| . The ICP-SFMS was a Finni- 
gan Element2 (Thermo-Electron, Bremen, Germany). In 
this instrument a solution of the material to be stud- 
ied is introduced into a high temperature (6000 - 8000 
K) plasma source. At these temperatures predominantly 
atomic species are present. Molecular ions are formed 
after the source, mainly by interaction with oxygen and 
hydrogen ions from the solution. The predefined res- 
olution mode, m/Am = 4000 (10% valley definition), 
was used throughout the experiments to separate atomic 
ions from molecules with the same mass number. The 
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FIG. 2: Measurements of mass 197 obtained with 1 ppb Au 
solution. The sum of ten measurements is displayed. Total 
measuring time: 700 s. Observed mass position: 196.969 u. 
Known mass of 197 Au (indicated by an arrow) is 196.967 u 

Q. 

20000 



Rg_enriched 
J A_197 

Sum 4 spectra 
10-fold dilution 
9.11.09 



12000 



£ 8000 - 
E 
O 

4000 - 




CO CM 
CD CO 
O O 



Mass (u) 

FIG. 3: Measurements of mass 197 obtained with a ten-fold 
diluted sample of the enriched Rg solution. The sum of four 
measurements is displayed. Total measuring time: 280 s. Ob- 
served mass position: 196.945 u. Known mass of 197 Au (in- 
dicated by an arrow) is 196.967 u [141 ]. 



sensitivity-enhanced setup of the instrument was similar 
to that described in [l8|. In the present experiment the 
sample uptake rate was 50 jA min -1 and the sensitiv- 
ity for 197 Au in this resolution mode was 2xlO T counts 
s _1 mg _1 l _1 . Methane gas was added to the plasma to 
decrease the formation of molecular ions [19| . Oxide and 
hydride formation (monitored as UO + /U + and UH + /U + 
intensity ratios) were approximately 0.04 and lxlO -5 , 
respectively. Mass calibration was performed using the 

115 In+5 232 Th+? 235 U+5 238tj+ and 238TJ16Q+ peakg 

Complete elemental screening was performed on the 
enriched Rg solution to assess the impurity levels. The 
amount of certain trace elements with relatively high con- 
centrations, expressed as ppb (g/g) of the solution are as 
follows: 

Au 4.1, Ca 140, CI 15600, K 250, Na 360, P 150, S 780, 
Si 40, Th 0.001, U 0.04. 

These concentrations are correct to within a factor of 
two. After these impurity determinations, the solution 
was spiked to 1 ppb of U. These levels of contamination 
are higher than those specified in Q where pure original 
Au solution, without processing, was used. (The corre- 
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FIG. 4: Measurement of mass 254 obtained with the enriched 
Rg solution which was spiked to 1 ppb U (see text). Total 
measuring time: 70 s. Observed mass position: 254.084 u. It 
is shifted from the known mass of 238 U 16 of 254.046 u Q 
(indicated by an arrow) by 0.038 u. 



sponding values there for Na and S were in the region 
of a few ppb.) A synthetic solution which contains the 
above-mentioned impurities with their measured concen- 
trations, spiked to 1 ppb of U, was prepared and used for 
comparison in the experiments. 

After a two-hour warm-up, the machine was still unsta- 
ble. Therefore the measurements were started after nine 
hours of stabilization. A range of 0.45 u, divided into 70 
channels, was scanned in each spectrum. The scanning 
was performed by changing the acceleration voltage while 
keeping the magnetic field constant. The mass 261 was 
analyzed with an integration time per channel of 1 s and 
run 90 times. The calibration was checked by measur- 
ing mass 254 ( 238 U 16 0) before and after the long series 
of measurements on mass 261. A calibration correction 
of 0.037 u was deduced from these measurements (see 
below) and applied to the data. 

Figure 2 shows the sum spectrum of ten measurements 
of mass 197 ( 197 Au) taken with a 1 ppb (g/g) Au solution. 
The FWHM of the peak is 0.038 u. 

Figure 3 shows the sum of four measurements of mass 
197, taken with a ten- fold diluted sample of the enriched 
Rg solution. The peak of 197 Au is shifted from its known 
value Q by -0.022 u. By a comparison of Figs. 2 and 3 
it is concluded that the Au concentration in the enriched 
Rg solution is 2.2 ppb (g/g). It is therefore deduced that 
the residue of Au in this 20 ml solution is 44 ng which is 
about 3xl0 -6 of its initial value of 16 mg. 

Figure 4 shows the results obtained on mass 254 mea- 
sured with the enriched Rg solution which was spiked to 
1 ppb U. It was taken before performing the measure- 
ments on mass 261. The peak of 238 U 16 is seen and it 
is shifted from the known value [l4] by 0.038 u. A similar 
spectrum taken after the mass region 261 measurements 
were finished gave a shift of 0.036 u. An average correc- 
tion of 0.037 u was applied to the data. 

Figure 5 shows the sum of 90 spectra obtained on mass 
261 with the enriched Rg solution (a) and with the syn- 



thetic solution (b). Figure 5(c) presents the subtraction 
of spectrum (b) from spectrum (a). A peak of 37±13 
counts is seen in Fig. 5(c) at the predicted position of 
261 Rg [l5l-[l7|. The error estimate was calculated accord- 
ing to the formula cr=(N £o£a /+N 6ac / c ) 1 / 2 where N tota i 
is the total number of counts in the Rg region taken from 
Fig. 5(a) and ^back is the number of background counts 
taken from Fig. 5(b). 




Mass (u) 

FIG. 5: Measurements of mass 261 obtained with the en- 
riched Rg solution (a), and with the synthetic solution (b). 
Spectrum (c) represents the subtraction of spectrum (b) from 
spectrum (a). The sum of 90 spectra is displayed in each case. 
Total measuring time: 6300 s in spectra (a) and (b). The ar- 
rows indicate the predicted position of 261 Rg (m=261.154 u) 
[l5l-[l7t shifted by a calibration correction of 0.037 u (see text). 

The 90 measured spectra are independent of one an- 
other. Each measurement used a different sample of the 
solution. At low statistics at an abundance level of about 
10 -15 of the solution (see below) it is possible that in 
some spectra the peak of 261 Rg will be more pronounced 
than in others. 
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FIG. 6: Six individual spectra at the mass region 261 obtained with the enriched Rg solution are shown. Total measuring time 
of each spectrum is 70 s. The arrows indicate the predicted position of 261 Rg (m = 261.154 u) [l5l-[l7l] shifted by a calibration 
correction of 0.037 u (see text). 
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Such behavior has been seen by us for instance in a 
study of the known molecule 232 Th 40 Ar 16 O at 0.1 ppm 
of Th, where in one spectrum 12 counts were seen and 
in the spectrum measured immediately afterward, one 
count was observed. In the spectrum of Fig. 5(a) 130 
counts are seen in the region of interest (ROI) of ±0.044 
u around the predicted position of 261 Rg. In the region 
out of interest (OROI) from 260.815 to 261.147 u (3.8 
times larger than the ROI) there are 420 counts. If the 
group of events around the predicted position of 261 Rg is 
due to background, then the ratio Noroi /Nroi = 3.23 
should be the same, within statistics, in each individual 
spectrum. In 26 spectra events were seen at the predicted 
mass of 261 Rg. In 11 spectra it was found that this ratio is 
statistically different from 3.23, between 0.2 and 1.4 with 
an average value of 0.6. These spectra are dominated 
by counts around the predicted position of 261 Rg. The 
data are as follows: (Spectrum number; ^oroi] 
Nofloi/Nfloi; P): (1; 2; 1; 0.5; lxlO" 2 ), (7; 4; 2; 0.5; 



2xl0- 4 ), (8; 3; 1; 0.3; 6xl0- 4 ), (27; 2; 1; 0.5; lxlO" 2 ), 
(57; 6; 4; 0.7; 2xl0- 5 ), (63; 6; 2; 0.3; 7xl0- 7 ), (69; 4; 
3; 0.8; 9xl0~ 4 ), (70; 7; 2; 0.3; 4xl0- 8 ), (79; 5; 7; 1.4; 
5xl0- 3 ), (84; 4; 4; 1.0; 3X10" 3 ), (89; 5; 1; 0.2; 2xl0- 6 ). 
P is the Poisson probability of observing Noroi events 
when Nroi x 3.23 are expected. As seen these proba- 
bilities are between lxlO -2 to 4xl0 -8 for each of these 
individual spectra. These results are displayed in Figs. 6 
and 7. 

In Fig. 6, six out of the 11 mentioned spectra are seen. 
In these as well as in most of the 11 spectra, more events 
are seen in the high mass region, around the predicted 
261 Rg position, than in the rest of the measured region. 

In Fig. 7 the sum of the 11 spectra is shown. A pro- 
nounced peak of 48 counts is seen at mass 261.144±0.020 
u (taking into account the calibration shift). The total 
number of events OROI is 28 as compared to 155 (48 
x 3.33) deduced if the ratio of Nqroi /Nroi = 3.23 of 
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FIG. 7: Measurements of mass 261 obtained with the enriched 
Rg solution. The sum of 11 measurements is displayed. Total 
measuring time: 770 s. Observed mass position, corrected by 
a calibration shift of 0.037 u, is 261.144±0.020 u. Predicted 
mass 

for 261 (indicated by an arrow) is 261.154 u. 



Fig. 5(a) is respected. (The probability of seeing 28 
counts when 155 are expected is extremely small.) The 
observed mass of this peak fits, within 0.010 u, with the 
predicted mass [l5l-[l7j of 261 Rg of 161.154 u. It is larger 
than the mass of any molecule with M = 261 (except 
for multi-H, -Li, -Be and -B molecules) as seen in Fig. 
1. By a comparison with Fig. 3 the average intensity of 
this peak in the 90 spectra, compared to 197 Au is about 
2xl0 -6 (4xl0 -15 of the solution). It is about a factor 
of ten larger in the 11 spectra mentioned above, about 



4xl0 -14 of the solution. Thus, an enrichment of three to 
four orders of magnitude, compared to the earlier deter- 
mined abundance of (1-I0)xl0 -10 [2], has been achieved 
in this experiment. The recovery of Rg from the initial 
Au is estimated to be a few percent. The high enrich- 
ment factor shows that the evaporation rate of Rg in a 
matrix of Au is lower than that of Au. 

In summary, the present results strengthen the first 
observation [2| of the superheavy element Rg (Z = 111) 
in nature. As was argued in [2|, if its terrestrial concen- 
tration about 4.5xl0 9 y ago was similar to that of Au, 
then the half-life of the observed 261 Rg nucleus is > 10 8 
y. Since the half-life of the normally deformed g.s. of 
261 Rg [7] is predicted to be about 1 /is, it was concluded 
[2| that the observed nucleus is in an isomeric state, prob- 
ably unrelated to high-spin states near closed shells, fis- 
sion isomers or K-isomers at normal deformations. It is 
therefore hypothesized [2j that it belongs to a new class 
of high spin isomeric states in the SD or HD minimum of 
the nuclear potential energy (8l4Tol fl2j . This work also 
shows that it is possible to enrich Rg in purified Au by 
evaporating the Au in a vacuum at about 63° C above 
its melting point. 
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